ABSTRACT: In this paper, we demonstrate the stabilization of polystyrene microspheres by encapsulating them with dumbbell-shaped colloids with a sticky and a nonsticky lobe. Upon adding a depletant, an effective short ranged attraction is induced between the microspheres and the smaller, smooth lobes of the dumbbells, making those specifically sticky, whereas the interaction with the larger lobes of the dumbbells is considerably less attractive due to their rough surface, which reduces the overlap volume and leaves them nonsticky. The encapsulation of the microspheres by these rough-smooth patchy dumbbells is investigated using a combination of experiments and computer simulations, both resulting in partial coverage of the template particles. For larger microspheres, the depletion attraction is stronger, resulting in a larger fraction of dumbbells that are attached with both lobes to the surface of microspheres. We thus find a template curvature dependent orientation of the dumbbells. In the Monte Carlo simulations, the introduction of such a small, curvature dependent attraction between the rough lobes of the dumbbells resulted in an increased coverage. However, kinetic constraints imposed by the dumbbell geometry seem to prevent optimal packing of the dumbbells on the template particles under all investigated conditions in experiments and simulations. Despite the incomplete coverage, the encapsulation by dumbbell particles does prevent aggregation of the microspheres, thus acting as a colloid-sized steric stabilizer.
■ INTRODUCTION
In nature, many functional structures are formed by selfassembly from smaller, basic building blocks. Examples are the formation of micelles from surfactant molecules or virus capsids from individual capsomers. While surfactants and some capsomers are able to self-assemble into larger, functional structures on their own, their self-assembly can also be assisted by a template which usually provides functionality of the resulting structure. Virus capsids generally form around the genetic material they are supposed to protect, while surfactants can assemble on the surface of an oil droplet, stabilizing it against coalescence. Understanding these processes and being able to mimic them on a colloidal scale enables the formation of new, complex, functional materials by self-assembly of colloidal building blocks.
In this paper, a system of patchy dumbbell-shaped colloids consisting of a smaller sticky and a larger nonsticky lobe are used as model surfactants or capsomers. These dumbbells are known to self-assemble into micelle-like clusters on their own 1 and are now used in a templated self-assembly experiment, using a large, smooth microsphere as a template. This packing of cone-shaped dumbbells on a spherical object is intuitively reminiscent of the stabilization of an oil droplet by surfactant molecules or the assembly of a virus capsid. Patchy model systems for the formation of empty virus capsids 2−5 and the assembly of virus capsids around a core particle 6 have been studied in theory and simulations. Recently, Munaòet al. 7 presented simulations of the encapsulation of spherical particles by Janus dumbbells. However, this paper provides a first experimental investigation of encapsulating a spherical template particle by patchy colloidal particles.
The patchy dumbbell-shaped colloids used in this experiment are similar to the rough-smooth dumbbells used previously by Kraft et al. 1 Upon addition of the proper depletant, the smooth lobes of these particles become sticky, while the rough lobes remain nonsticky, leading to the formation of finite-sized micelle-like clusters. Larger, smooth microspheres are introduced in this system as a template. The overlap volume created when two particles come close enough for their depletion zones to overlap is larger for a microsphere and the smooth lobe of a dumbbell than for two dumbbells, resulting in a stronger depletion attraction. This facilitates microsphere encapsulation at relatively weak dumbbell−dumbbell attraction. By combining optical microscopy observations of this system with Monte Carlo simulations, we investigate the degree of coverage and the orientation of dumbbells on the microsphere surface as a function of microsphere size and interaction strength. By assessing bond lifetimes in microscopy experiments, comparing the degree of micelle formation and microsphere encapsulation and applying a kinetic model, we rationalize why the dumbbells do not completely cover the template microspheres in the final structure. These results are compared to a control experiment with spheres instead of dumbbells. Furthermore, the shielding effect of a cover of dumbbell-shaped particles as a stabilizer against microsphere aggregation is experimentally investigated.
■ EXPERIMENTAL SECTION
Particle Synthesis. The spherical polystyrene particles used in the experiments we describe in this paper were synthesized by dispersion polymerization using a modified synthesis protocol of Hong et al. 8 These particles were subsequently swollen to a larger size and crosslinked using seeded emulsion polymerization to form the template microspheres.
The rough−smooth dumbbells were prepared using a seeded emulsion polymerization process described previously by Kim et al. 9 and Kraft et al. 1 In this method, non-cross-linked spherical polystyrene particles are first cross-linked and made rough by seeded emulsion polymerization. These rough, cross-linked particles are then used as seeds in a similar process to form a smooth protrusion. Both the microspheres and dumbbell particles have their surface coated with poly(vinyl alcohol) (PVA, M w = 85−124 kg mol −1 ) as steric stabilization against van der Waals forces. A more detailed description of the particle synthesis is provided in the Supporting Information.
Sample Preparation. In order to study the templated selfassembly of rough-smooth dumbbell particles, samples with varying particle and depletant (dextran) concentrations were prepared. Capillaries (0.10 mm × 2.00 mm internal dimensions, Vitrotubes W5010-050) were filled with these dispersions. To prevent interaction with the capillary walls, these were first coated with dextran, as done in previous studies. 1, 10, 11 Sample mixtures were made with different particle and depletant concentrations. Typically, aliquots of a 10% v/v dispersion of dumbbells and a 3% v/v dispersion of microspheres were mixed with aqueous solutions of 116 g L −1 dextran (from Leuconostoc spp., M w ≈ 500 kg mol −1 , Sigma-Aldrich), 77 mM sodium azide (99% extra pure, Merck), and 1 M NaCl. D 2 O was added to a volume fraction of 0.46. This resulted in samples with a typical dumbbell volume fraction of ϕ p = 1% and a microsphere volume fraction of ϕ m = 0.03%, containing 30 mM of salt and a depletant volume fraction ϕ d of 0.40 to 0.57, where ϕ d = ρ/ρ overlap , the depletant concentration as fraction of the overlap concentration (29 g L −1 , as calculated from the hydrodynamic radius and molar mass of the dextran). The coated capillaries were filled with the sample mixtures and glued to object slides using UV-curable glue (Norland Optical Adhesive 81). D 2 O was added to a volume fraction of 0.46 to reduce the density difference between particles and medium, greatly reducing the effect of particle sedimentation. Despite this density matching, particles still sedimented at a slow rate. To compensate for this, samples were stored on a tube roller, tumbling them gently (30 rpm) to keep them suspended between measurements. Only samples without air bubbles were kept for analysis to make sure that shear has no effect on the system.
Analysis. The dimensions of the rough-smooth dumbbells and spherical particles were determined by analyzing TEM images taken using a FEI Tecnai 10 transmission electron microscope. The size distribution of the microspheres was obtained from the analysis of optical microscopy images using the program ImageJ.
12, 13 The surface roughness of the microspheres and dumbbells was investigated using a scanning electron microscope (SEM XL FEG 30, Philips). A Malvern ZetaSizer Nano-ZS was used to measure both the polymer size of the depletant with dynamic light scattering (DLS) and the zeta potential of both the microspheres and dumbbells using laser doppler electrophoresis. Encapsulation of the microspheres with dumbbell particles was studied using a Nikon Eclipse Ti optical microscope with a Nikon Plan Fluor air objective (NA = 0.75, 40× magnification). A Nikon Apo TIRF oil immersion objective (NA = 1.49, 100× magnification) was used to study the encapsulation of microspheres by the smaller spherical particles. All images were acquired with an additional 1.5× magnification. Image acquisition was performed using a Hamamatsu Digital Camera ORCA-Flash4.0 C11440 and the NIS-Elements Imaging Software.
Packing Dumbbells on a Sphere. When covering a larger spherical particle with smaller spheres, the maximum number of smaller spheres that can cover the surface of the large sphere depends on the size ratio between the spheres.
14 Small spheres with radius R s packed on a larger sphere with radius R m have their centers defined on the surface of a sphere with radius R m + R s . However, the contacts with the other small spheres are positioned on a sphere with a radius of (R m + R s ) cos(θ), 15 as depicted schematically for the dumbbells in Figure  1A . The angle
defines roughly how many small spheres can cover a larger sphere. For dumbbell-shaped particles, optimal packing is achieved when both the small and the large lobes of the dumbbells are in contact, resulting in both the highest concentration of dumbbells on the surface and the maximum number of contacts between the dumbbells. This means that the angle θ at optimal packing is defined by the radii of both lobes as ( Figure 1B ):
This optimal angle θ db , defined by the geometry of the dumbbell, in turn defines the radius R ideal of the larger microsphere that can ideally be packed by dumbbells of this geometry via: Close-up of a single dumbbell. The angle θ db defined by the size difference between the rough and smooth lobe constrains the optimal packing of dumbbells on a large sphere and defines the radius of the large sphere R ideal for which the dumbbell packing is optimal. (C) SEM image of the rough-smooth dumbbells used in this paper, with a schematic representation of such a dumbbell as an inset.
The packing in this arrangement is optimal not only because it allows for a maximum number of dumbbells to attach to the larger sphere but also because it maximizes the number of contacts between the attractive lobes of the dumbbells on the surface.
Interaction Potential. The interaction potential between the smooth lobes of the dumbbells and the microspheres is determined by a depletion attraction u depl , depending on the overlap volume V overlap between the particles and the depletant concentration. This attraction is balanced by an electrostatic repulsion u el depending on the surface potential of the particles and screened by the salt concentration. The net interaction potential u depl + u el can be tuned in experiments by changing either the salt or depletant concentration. Since V overlap increases with the radii of the particles and the template microspheres are much larger than the smooth lobes of the dumbbells, the smooth lobes of the dumbbells bind more strongly to the template microspheres than to each other. Figure 2A shows the net interaction potentials between the smooth lobes of two dumbbells (solid blue line) and the stronger interaction between the smooth lobe of a dumbbell and a microsphere (dashed yellow line) under typical experimental conditions. Based on the size of the roughness (r ≈ 76 nm) on the rough lobes of the dumbbells and the much smaller radius of gyration (r g ) of the depletant, a significantly lower V overlap and consequently weaker interaction is expected with the rough lobes of the particles. 1, 11 More details on the calculation of the interaction potentials are provided in the Supporting Information.
Furthermore, the net interaction is very short ranged (∼0.02 × the particle diameter) due to both the small size of the depletant (r g = 19 ± 6 nm) and the short Debye length (κ −1 ≈ 2 nm) compared to the size of the particles (>1 μm). In the case of such "sticky" particles, with an interaction range of 2r g and a strength of ε (the depth of the potential well) the exact shape of the interaction potential is known to have little effect on the behavior of the system. 11, 16, 17 In simulations, this potential can therefore be expressed as a square-well potential with the width Δ = 2r g and depth ε.
Simulation Model. Alongside the experiments, Monte Carlo (MC) simulations in the canonical ensemble (NVT) were also used to study the packing of dumbbells on a microsphere. In these simulations, a single static microsphere was placed in the center of a simulation box containing 800 dumbbells. The dumbbells were modeled by tangent hard spheres representing the smooth (sticky) and rough (nonsticky) lobe of the dumbbell. The diameter of the smooth lobe σ s = 2R s and rough lobe σ r = 2R r were chosen such that the diameter ratio q = σ r /σ s matches that of the dumbbells used in experiments. Simulations were performed for 1 × 10 6 MC cycles. Hereby each MC cycle is defined as 1200 particle moves which can either be particle rotations or translations. During the first 2.5 × 10 5 MC cycles values for displacements and rotations are adjusted to obtain an acceptance rate of 30% for the proposed moves. Most of the parameters in the model, like number density, were fixed to match the experimental system as closely as possible. The interaction energy ε/k B T (with k B being the Boltzmann constant and T the temperature) between the dumbbells was varied to study how this affects the packing of dumbbells on the microsphere.
The basic interaction between two smooth lobes i and j was described by a hard-sphere square-well potential: 
where r ij is the center-to-center distance between the smooth lobes, ε < 0 denotes the depth of the well, and Δ is the range of the interaction. The interaction between a smooth lobe i and a microsphere m was described by a similar square-well potential. However, in this case the depth of the well is represented by αε. Factor α represents the factor with which the interaction energy is increased due to the larger overlap volume between a dumbbell and a microsphere. This factor α increases with the microsphere radius as shown in Figure 2B .
While the surface of the rough lobes on the dumbbells drastically lowers V overlap , these lobes can still become slightly attractive, especially at higher depletant concentrations. To represent this in the simulations, an attraction between two rough lobes or the rough and smooth lobe of different dumbbells of γε was introduced, with 0 < γ < 1. At γ = 0, the rough lobes simply behave as hard objects, while at larger values of γ, a (small) attraction is introduced. Correspondingly, the square-well interaction between rough lobes and the microsphere has a well depth of αγε. In the simulations, the value of γ is systematically varied to study the effect of rough−rough attraction on the coverage of the microsphere and the orientation of the dumbbells on its surface.
The simulation results of the bound dumbbells were analyzed using a binding criterion. A dumbbell was considered to be bound to the microsphere when the outer distance between either the smooth or rough lobe and the microsphere was less than the square-well interaction range Δ. Consistently, without interaction between the rough lobes of the dumbbells, the binding criterion does not consider rough lobes inside the square-well interaction range to be bound to the microsphere. Occasionally, a dumbbell would attach to the first layer of dumbbells already bound to the microsphere. Dumbbells in this Figure 2 . (A) Interaction potential in k B T as a function of the inter particle (surface-to-surface) distance h between the smooth lobes of two dumbbells (solid blue line) and the stronger attraction between the smooth lobe of a dumbbell and a microsphere surface (dashed yellow line). These plots were constructed using the experimentally obtained dimensions and surface potential of the dumbbells and assuming the ideal radius R ideal = 4.83 μm for the microspheres in a dispersion with I(M) = 30 mM and depletant volume fraction ϕ d = 0.43. (B) The broad size distribution of the microsphere template particles used, with an average diameter of 10 ± 4 μm and a high fraction of particles with a diameter close to the ideal diameter of 9.67 μm. The gray markers indicate the factor α (right vertical axis) by which ε between a dumbbell and a microsphere of this size is larger than the dumbbell-dumbbell interaction (the ratio between the two potential minima in A) as calculated from eqs S1−S7 in the Supporting Information, based on the difference in overlap volume and surface potential. second layer are considered bound as well according to the previously mentioned binding criteria.
■ RESULTS AND DISCUSSION
In this section we first present the properties (dimensions and surface potential) of the synthesized particles in relation to the expected encapsulation behavior. Next, the depletant concentration is tuned to find the interaction potential most favorable for encapsulation. We subsequently describe the encapsulation structures observed under these conditions and compare these to the results from simulations, as well as the encapsulation of microspheres by spherical colloids. Finally, we describe how the encapsulation by rough-smooth dumbbells prevents the aggregation of microspheres and rationalizes the degree of microsphere coverage in competition with the formation of micelle-like structures using a kinetic model. Particle Properties. The properties of the template microspheres and the dumbbell-shaped and spherical particles used in this paper are presented in Table 1 . The zeta potential of the dumbbell particles is derived from their electrophoretic mobility assuming spherical particles and is therefore only an estimate of the actual surface potential (Ψ) on the smooth lobes of the dumbbells that contributes to the net attractive potential.
A SEM image of these dumbbells is shown in Figure 1C , with a schematic representation of these dumbbells as an inset. Based on their dimensions, these dumbbells have an angle at optimal packing of θ db = 8.22°(eq 2). This angle is exactly met when the dumbbells are packed on a sphere with radius R ideal = 4.83 μm (eq 3) and is in between the angles corresponding to icosahedrally symmetric packings of 132 and 140 particles on a sphere. 18 Therefore, an optimal packing is in this case expected to consist of 132 to 140 dumbbells.
The microspheres used as templates in the encapsulation experiments have a broad size distribution with an average close to the diameter of a microsphere that can ideally be packed by the used dumbbells (2 × R ideal = 9.67 μm). This size distribution of the microspheres is provided in Figure 2B . The use of template particles in the size range of the dumbbells is less ideal as the attraction between template and dumbbell is lower and the obtained structure is harder to investigate.
Encapsulation Conditions. We performed encapsulation experiments in an aqueous dispersion with a typical dumbbell volume fraction of ϕ p = 1% and a microsphere volume fraction of ϕ m = 0.03%. Keeping the concentration of microspheres very dilute ensured an excess of dumbbells per microsphere (≫140 per microsphere). While keeping the salt concentration constant at 30 mM, the depletant concentration was changed to tune the interaction potential. As the overlap volume between a microsphere and dumbbell is higher compared to the overlap volume between two dumbbells, the attraction is stronger. This suggests there is a regime of depletant concentrations where the attraction is strong enough to encapsulate microspheres with dumbbells, whereas the depletion attraction between dumbbells is not strong enough to form clusters.
At low depletant concentrations (ϕ d < 0.40, Figure 3A ) dumbbells and microspheres are free in solution. Occasionally, small dumbbell clusters or dumbbells attached to a microsphere are observed. Increasing the polymer concentration leads to the attachment of more dumbbells to the microspheres at ϕ d = 0.43. Dumbbell clusters are still very small, indicating a small attraction between the dumbbells. This situation is shown in Figure 3B . At this concentration, the microspheres are not homogeneously covered with dumbbells. Upon increasing the depletant concentration further, the coverage of the microspheres does not increase significantly, but the dumbbelldumbbell interaction becomes sufficiently strong to form clusters of dumbbells (ϕ d = 0.45, Figure 3C ). At higher depletant concentrations, specificity of the dumbbells is lost as the rough lobes also become attractive. As a demonstration of this effect, Figure 3D shows random, nonspecific aggregates of dumbbells and microspheres at ϕ d = 0.48. We observed that the crossover from free dumbbells and microspheres in solution, toward random aggregation occurs in a very narrow range of depletant concentrations. At ϕ d = 0.43, we observed encapsulation of microspheres by specifically attached dumbbells, with hardly any cluster formation of (non)specifically binding dumbbells. Therefore, these conditions were chosen to investigate the encapsulation behavior in detail, as described in the next section.
Encapsulation Structure. We left the samples to equilibrate for 3 days, after which we hardly observed any changes in the structure of the encapsulated microspheres in the capillaries. We therefore considered the then observed encapsulated microspheres to be the stabilized final structure of the system. In addition, both microspheres and dumbbells were homogeneously suspended throughout the capillary, indicating that gravity or the capillary walls had not influenced the observed structures. The system consists primarily of separate microspheres with only rarely observed aggregates of multiple microspheres. All microspheres were covered with an incomplete monolayer of dumbbell particles ( Figures 3B and  4) .
Upon investigating the encapsulation of different sizes of microspheres, we observed a strong dependence on microsphere size. Moderately sized microspheres, with a diameter of 8−13 μm, are partly encapsulated by dumbbells attached to the microsphere by their smooth lobe, leaving the rough lobe free to move and allow the dumbbells to change their orientation with respect to the microsphere. Dumbbells were found to predominantly orient perpendicular to the microsphere surface.
For bigger microspheres, with a diameter larger than 25 μm, dumbbells appear to be positioned flat on the surface, bound by an additional bond between the microsphere and the rough lobe of the dumbbell. However, also in this orientation we observed particle mobility, showing a higher mobility of the rough lobe. This indicates that the rough lobe is indeed less tightly bound than the smooth one. Figure 4 shows typical examples of small and large microspheres with the dumbbell particles respectively oriented perpendicular and parallel to the microsphere surface. In neither case we found complete coverage of the microspheres with dumbbell particles. An estimate of the net interactions between dumbbells and microspheres can be made based on the particle properties from Table 1 , the experimental conditions (ϕ d = 0.43 and 30 mM of salt), and using the equations provided in section 2 of the Supporting Information. This calculation results in an attraction between two smooth lobes (blue line in Figure 2A ) with a minimum of ε ss = −15.2 k B T and a minimum of ε sm = −25.2 k B T for the interaction between a dumbbell's smooth lobe and a microsphere with the ideal radius of R m = 4.83 μm (dashed yellow line in Figure 2A ). The ratio between these minima equals α = ε sm /ε ss = 1.66. The gray markers in Figure  2B show how α develops with microsphere size. For microsphere diameters of >16 μm, this difference is at least 75% and it goes asymptotically to a value of α = 2 (the interaction between a sphere and a flat wall) for R → ∞.
However, the calculated attraction strengths of −15.2 k B T and −25.2 k B T do not agree well with experimental observations. Calculating the lifetime of such contacts using Kramers' approach 1, 19 results in lifetimes on the order of respectively 10 6 and 10 8 s, meaning that dumbbell particles would appear irreversibly stuck on experimental time scales. Yet, in experiments, dumbbells were found to occasionally detach from the microspheres ( Figure 5A ), and interactions between dumbbells were much more dynamic, with observed lifetimes in a range of τ = 23 to 268 s ( Figure 5B ), corresponding to Kramers' escape times for a much more reasonable attractive smooth−smooth potential between −6 and −9 k B T. Using α = 1.66 to keep the theoretical ratio, the energy minimum for a smooth-microsphere bond ranges between −10 and −15 k B T, resulting in escape times between 468 s and 3 h, which would indeed be consistent with the occasional observation of an unbinding event in experiments.
There is a significant discrepancy between the calculated and observed attraction strength, indicating that a superposition of the depletion attraction and electrostatic repulsion can only provide an approximate description of the interaction potential between the particles. Contributing to this discrepancy is the uncertainty in the surface potential Ψ, for especially the dumbbell particles, on which the electrostatic repulsion heavily depends (∝ Ψ 2 ). While the particles are sterically stabilized by poly(vinyl alcohol) to prevent van der Waals interactions, it is likely that the "softness" of this layer also contributes to the net interaction. Partial interpenetration of the depletant polymer and this adsorbed polymer layer is known to reduce the strength of the depletion attraction. 20 Encapsulation in Simulations. We performed comparative Monte Carlo (MC) simulations to simulate the effect of interaction strength on the coverage of the microsphere. The simulation conditions were chosen such to closely match the experimental values. The size ratio between the rough (σ r ) and and the diameter of the microsphere was set at σ m = 6.0σ s , corresponding to the size of the ideal sphere. The interaction range is set to Δ = 0.024σ s , corresponding to the interaction range of 2r g = 38 nm in the experimental system. Simulations were carried out at a dumbbell volume fraction of ϕ p = 0.01 with a fixed microsphere in the center of the simulation box and a potential well depth for the smooth−smooth interaction between two dumbbells of ε = −5, − 6 and −7 k B T. The corresponding attractive potentials between the microsphere and the smooth lobe of a dumbbell were αε = −8.3, − 10.0, and −11.6 k B T respectively (α = 1.66).
With the rough lobes of the dumbbells acting as hard objects (γϵ = 0 k B T), simulations were found to converge to a number of bound dumbbells (N Sphere ) from 50 to 87 for −5 and −6 k B T, respectively (the solid lines in Figure 6A ). Yet, with a small additional interaction of γε = −2 k B T between the rough lobes of the dumbbells, N Sphere converged to approximately 70 and 110 at the same two interaction strengths (dashed lines in Figure 6A ).
The volume fraction of free dumbbells started to decrease rapidly due to the formation of micelle-like dumbbell clusters with increasing attraction between the dumbbells (Figures 6B  and 7) . For an interaction strength of −7 k B T, this formation of micelle-like structures results in a very low volume fraction of free dumbbells ( Figure 6B ) and a lower coverage of the microsphere of N Sphere ≈ 70 for both γε = 0 and −2 k B T, as was verified with extended simulations (up to 1.8 × 10 6 MC cycles) shown in Figure S2 .
These results show that in our simulations, an attractive potential of approximately −6 k B T maximizes the microsphere coverage. While the introduction of an attraction on the rough lobes increases the coverage, full coverage (N Sphere = 132 to 140) was not achieved.
Additionally, we analyzed the particle orientations with respect to the microsphere surface, finding a gradual distribution with the majority of dumbbells oriented perpendicularly to the microsphere surface and with a small fraction of dumbbells parallel to the surface (Figure 8 ). Upon introducing an attraction for the rough lobes (γϵ = −2 k B T), two distinct orientations emerge: one smaller peak at ∼0°, representing dumbbells parallel to the surface, i.e., attaching with both their smooth and their rough lobe to the microsphere, and another larger peak at ∼60°, corresponding to dumbbells attached with their smooth lobe to the template microsphere and with their rough lobe on the smooth lobe of an adjacent dumbbell. While this extra bond makes this conformation energetically more favorable, it nevertheless frustrates optimal coverage of the microsphere surface. In simulations with larger microspheres (σ m = 15.5σ s and α = 1.80) the 0°orientation occurs more frequenly than the 60°o rientation since, just like in the experiments, a larger fraction of dumbbells attaches flat to the surface of the larger template microspheres.
Steric Stabilization by Dumbbell Encapsulation. Evidently, templated self-assembly of rough−smooth dumbbells on a microsphere surface does not lead to full coverage of the microsphere. This result was also found in the simulations by Munaòet al. 7 as well as in our own computational experiments. To verify that this is inherent to the shape of the dumbbells and not caused by some other experimental condition, we investigated encapsulation of microspheres by spherical particles as a control experiment. In a similar study, where spherical particles attach on the inside of a curved surface by depletion, Meng et al. showed the spherical particles form branched, ribbon-like domains. 22 Keeping the experimental conditions similar to the experiments with dumbbells, spherical particles (with a radius of 488 ± 13 nm, Table 1 ) were kept at a volume fraction of ϕ p = 1%, microspheres at ϕ m = 0.03% and the salt concentration at 30 mM, while the depletant concentration was varied to tune the interaction. Optical microscopy images of these encapsulation experiments with spherical particles are included in the Supporting Information, Figures S3 and S4 .
Due to the smaller size and higher zeta potential of the spherical particles, a higher depletant concentration was required to encapsulate the microspheres: the small spheres start attaching to the microspheres at ϕ d = 0.45 and full coverage of the microsphere surface is achieved at ϕ d = 0.50. At this depletant concentration, multiple layers of small particles on micropshere surfaces were locally observed, but no bulk clustering of small particles.
Just like the dumbbell system, the encapsulation by small particles appears dynamic; particles were found to attach and detach from the microsphere surface. Binding and unbinding events are observed, as well as particles moving over the layer of small particles in a "hopping" manner. The bond lifetimes observed for the spheres are similar to the dumbbell system and using Kramers' approach in the same way as was done for the dumbbells in this and previous work 1 resulted in a comparable attraction of around −7 k B T. Besides binding and unbinding of particles, rearrangement of particles to increase the number of contacts with neighboring particles occurred as well. This control experiment shows that spherical particles can, under the same conditions, completely encapsulate a template microsphere. The incomplete coverage observed in encapsulation with dumbbells must therefore be caused by the geometry and Janus-like properties of the dumbbells.
Another striking difference between the microspheres encapsulated by dumbbells and spherical particles is that, in the case of spheres, multiple layers of spheres are formed on the microsphere surface and all microspheres are aggregated into clusters ( Figure S3 ), while those encapsulated by dumbbells were primarily free in solution, with aggregates larger than an occasional dimer being only sporadically observed (see for instance Figures 3 and 4 ). These results demonstrate that microspheres encapsulated with rough−smooth dumbbells are Figure 8 . 3D angle distribution of dumbbells bound to a microsphere. The interaction energy between the rough lobes of the dumbbells equal γϵ = 0 k B T (left graph) and γϵ = −2 k B T (right graph) at a volume fraction of ϕ p = 0.01. The angle between a vector and a plane in 3D follows a cosine distribution (represented by the dotted line) due to the increasing number of possible configurations with decreasing θ. 21 The probability distribution is not scaled for this difference in angle occurrences. The strong peak emerging at ∼60°for −2 k B T rough−rough attraction corresponds to the orientation of the blue dumbbell in the inset schematic. to some degree "sterically" stabilized by the rough lobes of the dumbbells on their surface, while a surface covered by smooth microspheres does not provide such stabilization. This enhanced stability was quantified by analyzing the distribution of clusters in samples with a higher ϕ m of 0.1%, comparing samples without depletant to samples with ϕ d ≈ 0.45 and either only microspheres or microspheres combined with spheres or dumbbells. Since diffusion of microspheres is slow, samples were left to equilibrate for 3 weeks before comparing the fraction of particles existing as free particles η free in each sample ( Figure 9 ). This figure shows that the presence of depletant causes severe microsphere aggregation, also in the presence of smaller spheres, which is largely prevented by encapsulation with dumbbells. Since our simulations only contained single microsphere, this stabilization of the microspheres could not be verified with these simulations, but a similar effect was observed in the simulations by Munaòet al., 7 where the spherical particles were found to aggregate, in this case bridged by the attractive lobes of the dumbbells, in situations with insufficient stabilization by the nonattractive lobes. Such a system of microspheres sterically stabilized by dumbbell particles is reminiscent of simulation experiments performed by Luiken and Bolhuis, 23 where spherical colloids with a square-well attraction are stabilized by penetrable hard spheres tethered to their surface. Luiken and Bolhuis provide an expression to find conditions where the second virial coefficient B 2 equals 0 for their system. Due to the dense coverage by impenetrable hard spheres in the system studied here, an exact value of B 2 cannot be calculated. However, the rough lobes of the dumbbells attached to each microsphere evidently provide a similar means of stabilization, suggesting that also in this situation there is a second virial coefficient B 2 ≥ 0.
Kinetic Modeling. Based on thermodynamic considerations, the particles are expected to first completely cover the microsphere surface before forming micelle-like clusters in the bulk at any attractive potential, because they not only bind to the microsphere more strongly than to each other but also because they can additionally bind to up to six other dumbbells on the microsphere surface, resulting in a (3 + α)ε binding energy per dumbbell, while they only have up to 5 neighbors (2.5ε) binding energy in micelles. 1 Likewise, in a molecular system of surfactants, the interface is also completely covered before micelles start to form. This complete coverage of the microsphere surface is not observed in the experiments, and simulations presented here and the optimal microsphere coverage around −6 k B T must therefore originate from the kinetic properties of the system. In order to confirm this, a kinetic model was proposed to relate the microsphere coverage and the concentration of free dumbbells and micelle-like clusters to the attractive potential: 
where N Sphere , N free , and N micelle respectively represent the number of dumbbell particles bound to the microsphere, free in the bulk and present in micelles. k a,sphere and k d,sphere are the rate coefficients of a dumbbell's adsorption to and desorption from the microsphere. k a,micelle and k d,micelle are the rate coefficients of a dumbbell's adsorption to and desorption from a micelle-like cluster.
The adsorption rate of a dumbbell to the microsphere is set equivalent to the collision rate of dumbbells in the bulk with the microsphere, times the probability that the dumbbells stick to the microsphere. The collision rate depends on the average time a dumbbell particle has to travel before colliding with the microsphere τ stick , while the sticking probability p stick depends on the degree of coverage of the microsphere, i.e., the number of bound dumbbells. The desorption rate of dumbbells from the microsphere depends on the escape rate from the squarewell potential between a microsphere and a dumbbell (with energy − αε). In summary, for the number of dumbbells onto the microsphere, this becomes 
where D 0 is the (perpendicular) translational diffusion coefficient of a dumbbell according to the Stokes−Einstein relation, N max is the maximum number of dumbbells that fit on a microsphere (set to 136), and the escape time τ escape from a square-well potential is approximated as the characteristic inverse attempt frequency multiplied by the Arrhenius factor. 24 Note that the system volume V box appears in this expression because the current model considers only a single microsphere.
In a more general case, with multiple microspheres per volume, quantities would depend on the concentration N/V instead. Besides attachment to the microsphere, the particles also form micelle-like clusters. The fraction of dumbbells present in micelle-like clusters depends on the formation rate of such clusters and the escape rate of dumbbells from existing clusters. The rates of dumbbells sticking to and escaping from such clusters are hard to estimate, because both parameters heavily depend on the structure of the cluster and because its contacts 
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Article can be broken sequentially, making both rates depend on unknown pathways. As an approximation, the formation rate was set to depend on the (approximate) average time a dumbbell can travel before colliding with another dumbbell or micelle-like cluster, introducing a probability 0 < f < 1 of successfully attaching to a micelle, since its outside is primarily shielded by rough lobes. In the escape rate, sequential breaking of bonds leads to an addition of escape times, while the time to break multiple bonds simultaneously increases exponentially with the number of bonds, making simultaneous bond breaking decisive in determining the escape rate from clusters. 
where f (the probability of a dumbbell successfully binding to a micelle) is set to 0.05 due to screening by rough lobes, n c is the average number of dumbbells in a micelle-like cluster (∼10), and n b is the number of bonds that need to be broken simultaneously to remove a dumbbell from a cluster (set to 2). This number is rationalized by considering that a particle bound to 4 or more particles (5 on average in micelle-like clusters) 1 can only move by initially breaking 2 bonds simultaneously (approximated by escaping a well of twice the depth). This takes exponentially more time and is thus considered to be the rate limiting step.
Using this model, N Sphere , N free , and N micelle can be obtained as a function of the degree of attraction ε by setting eqs 10 and 13 equal to 0 and imposing N total = N Sphere + N free + N micelle . Note that by doing so the equilibrium state of the system does no longer depends on the system dynamics (diffusion coefficients), as it should, but is established based on the binding energies and probabilities and the concentrations of the species involved. The total number of dumbbells N total is set to 800, the number used in the simulations. The resulting number of dumbbells attached to the microsphere N Sphere , as well as the number present in micelles N micelle and free dumbbells N free are plotted as a function of ε in Figure 10 .
Using the chosen parameters, the kinetic model agrees well with the observations from both simulations and experiments while making as little assumptions as possible about the formation and dissociation pathways involved. Had the escape rate from micelles been lower (e.g., n b = 1, so n b < α), the system would always converge to optimal coverage with increasing attraction strength, while extended simulations ( Figure S2) show that N Sphere converges to a lower number for ε = −7 k B T than for ε = −6 k B T. The rough lobes on the outside of the micelle-like clusters limit such clusters to finite size by preventing new dumbbells from attaching. The introduction of this screening of factor f = 0.05 is not necessary to describe the competition between encapsulation and micelle formation qualitatively but allows for the model to quantitatively better agree with the observations from experiments and simulations.
■ CONCLUSIONS
In this paper we investigated the encapsulation of microspheres by rough-smooth dumbbells through depletion interaction. With increasing depletant concentration, the dumbbells were either free in solution or specifically bound with their smooth lobes to the microspheres and to each other, forming micelle like clusters. At even higher depletant concentrations, all particles were nonspecifically bound to the microspheres and each other, forming random aggregates.
In the case of specifically bound dumbbells, the encapsulation depends strongly on the curvature of the microsphere surface; dumbbells on large microspheres primarily lie flat, binding with both their smooth and rough lobe to the surface, while for smaller microspheres, a majority of dumbbells bind with only their smooth lobe, orienting perpendicular to the surface.
Based on the lifetime of pairs of dumbbells, we estimated the smooth−smooth attraction in the experimental system to be −6 to −9 k B T, which corresponds to a smooth−microsphere attraction of −10 to −15 k B T based on the larger overlap volume and different surface potential between a dumbbell and a microsphere. The occasionally observed unbinding of a dumbbell from a microsphere is indeed expected for such a value of the potential minimum.
In addition to the depletion experiments, we performed Monte Carlo simulations mimicking the experimental conditions. For the smaller microspheres, the simulation results show the same preferred particle orientation perpendicular to the surface that was also found in the depletion experiments. Also in simulations, this preference is lost for larger microspheres.
Introducing an attractive potential to the rough lobes of the dumbbells in the simulations increased the coverage of the microsphere surface. Furthermore, it led to the emergence of two distinct dumbbell orientations; one parallel to the microsphere surface and the other at an angle of approximately 60°. The parallel orientation represented dumbbells binding with both their lobes to the microsphere. This orientation was most predominant on the larger microspheres.
While the thermodynamic ground state of this system is expected to be a microsphere fully covered with close-packed dumbbells, complete coverage was observed in neither experiments nor simulations. However, in a control experiment with smooth, spherical particles instead of dumbbells, full coverage of the microspheres was observed. This observation suggests that the shape of the dumbbell kinetically frustrates optimal coverage of the microspheres. A simple kinetic model supports experimental evidence that maximal coverage of the microspheres is achieved at moderate dumbbell−dumbbell attraction, while for stronger attraction, more dumbbells end up forming micelle-like clusters, a process competing with microsphere encapsulation. Additionally, in the encapsulation experiments with smooth, spherical particles, the smaller particles locally formed multiple layers on the microsphere surface. Moreover, large aggregates of covered microspheres were observed. Conversely, in the encapsulation experiments with dumbbells, the coverage was limited to a single layer and aggregates of microspheres were only sporadically observed. This confirms that, even though the microspheres are not completely covered, the rough lobes of the dumbbells on their surface still supply a significant degree of "steric" stabilization, providing stabilization by aggregation.
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